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Donut-like crystals of Mg–Al layered double hydroxides (LDH) are synthesized using a hydrothermal
method with microwave heating. This morphology provides enlargement of the speciﬁc surface area of
the {h k 0} faces, needed for adsorption application. The growth mechanism for donut-shaped crystals is
proposed on the basis of AFM and STEM–EDX images. The nucleation of Mg–Al LDH starts on the
amorphous surface of spherical MgO particles, which have a much lower solubility compared to the
aluminum trihydroxides at the synthesis pH (11). The outgrowing nucleus provides re-entrant corners
on both sides. These are preferential sites for the addition of new growth units, allowing lateral growth of
the LDH crystal encircling theMgO particles. The dissolvingMgOprovides the supersaturation needed for
growth and once it is depleted, a donut-like structure remains.
& 2010 Elsevier B.V. Open access under the Elsevier OA license. 1. Introduction
Layered double hydroxides (LDH) form a group of anionic clays
with a general formula [M(1x)
II M(x)
III (OH)2][A
n1]  zH2O. An exam-
ple of naturally occurring LDH is hydrotalcite (Mg–Al LDH) with a
brucite like, lamellar structure. The repeating structure consists of
three layers of octahedrally coordinated magnesium and alumi-
num ions, with water and carbonate anions for charge compensa-
tion in the interlayer [1]. In the absence of carbonate ions,
hydrothermal synthesis of Mg–Al LDH from magnesium and
aluminum oxides can produce two polytypes: 3R1 and 3R2. The
transition temperature of these polytypes is around 110 1C with
3R1 being the stable polytype at lower temperatures [2]. The 3R1
polytype, that has the LDH structure, can still be formed at higher
temperatures, if the supersaturation exceeds the metastable
solubility line. The space group of the 3R1 polytype crystal is
trigonal R3¯m. In this paper, lattice parameters are given in the
hexagonal setting (a¼b, a¼b¼901, and g¼1201).
The interlayer of polytype 3R1 Mg–Al LDH can accommodate a
large variety of organic and inorganic species such as pesticides,
anionic surfactants, dyes, sulfates, chromates, carbonates, etc [3].
For that reason, it has been widely investigated as an adsorbent, an
anionic exchanger, and as a basic catalyst [4]. Polytype 3R2 has a
ﬁxed interlayer arrangement, so it is not suitable for adsorption or+31 152786975.
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sevier OA license. ion exchange purposes. The adsorption or ion exchange by 3R1
takes place by intercalation through the {h k 0} faces. Enlargement
of the speciﬁc surface area of these faces is thus strived for. This can
be achieved by fast and homogeneous heating of a reactionmixture
of magnesium oxide and aluminum trihydroxide by microwave
treatment. This type of hydrothermal synthesis results in a unique
crystal morphology of a platelet crystal with a hole in the middle
[5]. In this work the growthmechanism of such donut-like crystals
is studied by Atomic Force Microscopy (AFM) and by Scanning
Transmission Electron Microscopy–Energy Dispersive X-ray Spec-
troscopy (STEM–EDX). Compared to Scanning ElectronMicroscopy
(SEM), the use of AFM for layeredmaterial permits a more detailed
morphological observation, in particular measurement of the step
heights [6]. STEM–EDX enables the identiﬁcation of chemical
entities of the crystal.2. Experimental method
2.1. Synthesis
The LDH crystals were synthesized hydrothermally from a 6%
solid wt mixture of magnesium oxide (MgO) fromMartin Marietta
(Zolitho40), and aluminumtrihydroxide (ATH) fromAlumill (F505)
in distilled water. Prior to synthesis, the reactants were wet-
grinded separately in a Dynomill KDL-Pilot. The synthesis was
carried out in a set of high pressure vessels XP-1500 Plus, irradiated
W.N. Budhysutanto et al. / Journal of Crystal Growth 318 (2011) 110–116 111by a Microwave Assisted Reaction System (MARS). Each vessel,
equipped with a magnetic stirrer was ﬁlled with 50 ml reactant
slurry. The experiments were performed in duplicate vessels,
mounted on a turntable and inserted in the MARS cavity. The
synthesis was performed at 140 1C and at its autogenous pressure.
Temperature was controlled with a ﬁber optic sensor (RTP-300
Plus) in the reference vessel and monitored in the other vessels
with an infrared sensor. Commercial software dynamically controls
the temperature proﬁle adjusting the actual microwave power.
Two sets of experiments were carried out. In the ﬁrst set, initial
Mg/Al molar ratios of 1:1, 2:1 and 3:1 were applied. The microwave
powerwas set at amaximumof 1600Wwith 12 min heating time to
reach the pre-set temperature. The synthesis time of 140 1Cwas set at
10 min. The samples were labeled M1600-1, M1600-2 and M1600-3
according to theirMg/Almolar ratio. In the second set, the effect of the
microwave power was studied at a Mg/Al molar ratio of 2:1. The
microwave powerwas kept at 400, 800 or 1600Wuntil the synthesis
temperaturewas reached.Thecorrespondingheating timesneeded to
reach 140 1Cwere 16, 7.5 and 3 min, respectively. The synthesis time
was set at 30 min. The sampleswere labeledMP1600-2,MP800-2and
MP400-2 after the applied microwave power.2.2. Characterization
After each synthesis, the system was cooled down to 70 1C
before the slurry samples were collected. Part of the slurry sample
was diluted with distilled water for SEM, STEM–EDX and AFM
studies. For the preparation of the electron microscopy samples,
3 drops of the slurrywere dilutedwith 15 ml distilledwater. Of that
dilution, 0.5 ml was added to another 15 ml of distilled water. One
milliliter of the sample was then vacuum-ﬁltered over a ceramic
membrane ﬁlter Anodisc 25, which is used as sample support for
electron microscopy measurement. SEM images were taken with a
Zeiss Gemini 1550. The STEM–EDX measurements were done for
the diluted sample with a JEOL 2010F transmission electron
microscope using an accelerating voltage of 200 kV and equipped
with Thermo Noran EDX. A carbon coated Cu grid was pulled
through a diluted slurry sample and dried for 10 min before
introducing the sample into the system vacuum. AFM images were
made in tapping mode using a Digital Instrument Nanoscope
Dimension D310 from the initial slurry sample diluted 4000 .
Several drops of the diluted slurry were put upon a mica ﬁlm and
dried at 50 1C. The rest of the slurry samples were then dried0
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Fig. 1. p-XRD pattern of Mg–Al LDH synthesized at various initial Mg/Aovernight in a 50 1C oven for Powder X-RayDiffraction (p-XRD) and
Fourier Transform-Infrared (FT-IR) measurements. The p-XRD
measurements were done using a Bruker-AXS D5005 diffract-
ometer with a Huber incident-beam Cu Ka monochromator and
a Braun position sensitive detector. The 2y-range was 5–701with a
step size of 0.03871 and a counting time per step of 1 s. The FT-IR
measurements were done with a Nexus Thermo Nicolet 5700
spectrometer. Powder samples were pressed in small discs using
a KBr matrix. The IR bands were recorded at a spectral range of
650–4000 cm1.3. Results and discussion
According to p-XRD and FT-IR spectra, the hydrothermal
synthesis resulted in the formation of Mg–Al LDH polytype 3R1
along with some brucite (Mg(OH)2) byproduct or unreacted ATH
(gibbsite), depending on the experimental conditions. A synthesis
temperature of 140 1C was chosen to promote the nucleation rate,
so a higher speciﬁc surface area could be achieved, while still
remaining in the metastable zone of polytype 3R1. During the
separate wet grinding process, some of the magnesium oxide
converts into crystalline Mg(OH)2 or brucite, that is no longer
reactive as a MgO source and remains as a byproduct after the
hydrothermal synthesis.
3.1. Inﬂuence of initial Mg/Al ratio
In the ﬁrst set of experiments, syntheses with initial Mg/Al
ratios of 1, 2 and 3 were carried out. The p-XRD pattern (Fig. 1)
showed that all three samples contain Mg–Al LDH, while only
sample M1600-1 with Mg/Al ratio 1 contains a large amount of
residual ATH. This result is understandable because in the lattice,
two aluminum ions cannot be located next to each other due to
charge repulsion, thus the lowest possible Mg/Al ratio in the
octahedral layer is two [7]. The excess aluminum remained in
the slurry as unreacted gibbsite. TheMg/Al LDHare of polytype 3R1,
as shown by the stronger (01(l+1)) over (10l) (l¼3n+1, n¼ integer)
reﬂections [8]. Theunit cell parameters a and c of the LDH in sample
M1600-3 are 3.05 A˚ (calculated from the 110 reﬂection) and
22.75 A˚ (calculated from the 006 reﬂection), respectively. These
values are in line with the reported literature data for polytype 3R1
[1]. The other two samples also have similar unit cell parameters.45 50 55 60 65 70
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l molar ratios. The reﬂections denoted by * are of the residual ATH.
W.N. Budhysutanto et al. / Journal of Crystal Growth 318 (2011) 110–116112Fig. 2 shows the FT-IR spectra of the samples at various initial
Mg/Al molar ratios. The bands at around 3000–3700 cm1 are the
hydroxyl stretching mode of Mg–OH, Al–OH, H2O and CO3
2–H2O
[9]. The band at 3698 cm1 indicates the formation of a brucite
byproduct [10], which increases alongwith a higherMg/Al ratio. The
presence of unreacted ATH in sample M1600-1 is indicated by the
bands at 3621, 3525 and 1022 cm1 [11]. The band at 1640 cm1,
which corresponds to the bending mode of water (n2) and the
carbonate anti-symmetric stretching mode band (n3) at 1369 cm1
indicate that the interlayer of the LDH is occupied by water and
carbonate anions, where the latter anions form the charge compen-
sation for the Al ions. The bands at 786 and 682 cm1 represent the0.0
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Fig. 2. FT-IR spectra ofMg–Al LDH synthesized at various initial Mg/Almolar ratios.
Fig. 3. SEM pictures of Mg–Al LDH synthesized at different initial Mg/Al molar ratiosdeformation mode of Al–OH [12] and the stretching mode of Al
(octahedral)–O, [13], respectively.
Observation of the crystal shape with SEM revealed a unique
donut-shaped crystal with a hole at the center of the platelet
(Fig. 3). Mostly donut-shaped crystals were found at the lowest
initial Mg/Al ratio and as the ratio increased the crystals grow into
closed platelets. At an initial Mg/Al ratio of 1, donut-shaped along
with some sickle-shaped crystals were found. At initial Mg/Al ratio
2, thicker donut-shaped crystals were formed with some closed
hexagonal platelets (Fig. 3b). At initialMg/Al ratio 3,where the ratio
is closest to that of natural hydrotalcite, mostly closed hexagonal
platelets were found (Fig. 3c). The top and bottom faces of the
platelets are (0 0 1) and (0 0 1¯).
An AFM image of a donut-shaped crystal from the sample with
an initial Mg/Al ratio of 1 is given in Fig. 4. The small rounded
particles on top of the crystal are artifacts from drying the sample.
The donut-shaped crystal has a diameter of approximately 1 mm
and a total thickness of approximately 35 nm asmeasured by AFM.
As shown in the image, the central opening in the middle part of
the crystal (Fig. 4a) has a closed form leading to a donut shape. On
the crystal area surrounding the contact hole, growth patterns are
still visible. The steps seem to grow from two directions, closing
into a donut shape. The height of these steps is about 1.5 nm or
approximately two octahedral LDH layers. Fig. 4b shows two LDH
platelets growing from a single MgO sphere, indicating a double
nucleation.
Fig. 5 shows STEM–EDX element maps of a sickle-shaped LDH
crystal from the samplewithMg/Al ratio 2. The STEM image shown
at the top left side indicates that the diameter of the sickle is
approximately 1 mm. A Mg(OH)2 core, which is almost detached
from the crystal, is visible at the center of the crystal. According to
the elementmaps, the core consists of onlymagnesiumand oxygen
entities (left bottom and top right). No aluminum entity is found in
the core (bottom right). Furthermore, the element maps also: (a) Mg/Al¼1 (M1600-1), (b) Mg/Al¼2 (M1600-2) and (c) Mg/Al¼3 (M1600-3).
Fig. 4. AFM images of sample M1600-1 with a Mg/Al ratio 1: (a) donut-like crystal and (b) initial sickle-shaped crystal.
Fig. 5. STEM–EDX element maps, of a sickle-shaped LDH crystal from sample M1600-2 with Mg/Al ratio 2, showing the distribution of oxygen, magnesium and aluminum.
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in black), corresponding to the brucite impurities found in the
sample. The darker area at the bottom of the sickle, which consists
of all the three elements, is another LDH sickle-shaped crystal lying
on top of the previous one. According to the EDX, theMg/Al ratio of
the donut crystal is approximately 2.0.
At the highest Mg/Al ratio of 3, the SEM picture (Fig. 3c) shows
that all crystals formed closed platelets. A closer look at the crystals
usingAFMandSTEMhowever shows that the center of the crystal is
thicker than the outer ring (Fig. 6). The STEM image also shows a
possible gap between the crystal and its core. The elementmaps by
STEM–EDX in Fig. 7 show that the core has a higherMg/Al ratio than
the periphery. The EDXmeasurement of the single crystal shown in
this ﬁgure resulted in a total Mg/Al ratio of 2.6, with the core and
the side of the crystal having Mg/Al ratios of 7.1 and 2.3,
respectively. These results indicate that the synthesis of the LDHcrystal has not yet been completed. They sustain, however, the
proposed mechanism of crystal growth in the hydrothermal
synthesis as given in Section 3.3.3.2. Inﬂuence of microwave power
As the formation of donut-like crystals is attributed to the
uniform and rapid microwave heating, the inﬂuence of the micro-
wave power was also studied. In the second set of experiments,
syntheses at 400, 800 and 1600 W with a Mg/Al ratio of 2 were
carried out at 140 1C. The separately wet-grinded reactants in this
series were kept overnight prior to synthesis, which explains the
high brucite and gibbsite content as shownby the FT-IR and p-XRD.
The SEM pictures in Fig. 8a also suggest small particles of brucite
or at least Mg rich particles among the larger Mg–Al LDH crystals.
Fig. 6. (a) AFM images and (b) TEM images of sample M1600-3 with an Mg/Al ratio of 3.
Fig. 7. STEM–EDX element maps of sample M1600-3 with an Mg/Al ratio of 3.
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the unreacted ATH can also be spotted.
As shown in Fig. 8, higher microwave power promotes the
formation of smaller particle sizes and only at 1600 W, donut-
shaped crystals are found. A higher microwave power results in a
steeper heating curve and thus in a higher supersaturation. This
higher supersaturation favors nucleation to take place on a larger
number of MgO particles resulting in a smaller particle size. The
observation that smaller particles are formed at higher microwave
power is consistent with the results of Rivera et al. [14] for
co-precipitated Mg–Al LDH after microwave aging. A similar trend
of the particle size is also visible in the AFM measurement.
However, in the AFM images (shown in Fig. 9), sickle and donut-
shaped crystals were found at every microwave power. Thus it can
be concluded that the growth mechanism does not differ for
different conditions.3.3. Proposed mechanism of crystal growth
Based on the observation of the crystallites, a growth mechan-
ism for the donut-shaped crystal is proposed. Upon the partial
dissolution ofMgO, the pHof the solution increases to the synthesis
pHof 11. At this pH, the solubility ofMgO ismuch lower than that
of ATH, so it is assumed that nucleation of Mg–Al LDH starts upon
the amorphous surface of spherical MgO particles, where the
supersaturation is the highest [15]. This assumption is supported
by the higher Mg/Al ratio of the crystal core as shown by the
STEM–EDX element maps (Fig. 7). The outgrowing platelet-shaped
nucleus on the MgO sphere provides re-entrant corners on both
sides of the platelet (see Fig. 10a, points a). These re-entrant corners
are preferential sites for the addition of new growth units [16].
Accordingly, the LDH crystal will grow laterally from both sides
of the nucleus encircling the dissolving MgO particle (Fig. 10b).
Fig. 8. SEM pictures of Mg–Al LDH synthesized at different microwave power: (a) 400W (MP400-2), (b) 800W (MP800-2) and (c) 1600W (MP1600-2).
Fig. 9. AFM images of Mg–Al LDH synthesized at different microwave power: (a) 400 W (MP400-2), (b) 800 W (MP800-2) and (c) 1600 W (MP1600-2).
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Fig. 10. (a) Schematic 3D LDH nucleation upon an MgO sphere and (b) the proposed growth mechanism for the formation of donut-shaped LDH crystal.
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depleted the donut-like structure remains.
Okamoto et al. [17] have also reported the formation of a similar
donut-like Mg–Al LDH crystal formed by a urea precipitation
method. Contrary to our case, the center of the crystal contains
an aluminum hydroxide precursor. As the synthesis started at
pH o7, aluminum hydroxide precursor is initially precipitated,
upon which the LDH crystal nucleates as the pH increased due to
the dissociation of the urea at around 90 1C. Liu and Hou [18] also
reported the synthesis of a ring-like morphology of Mg–Al LDH
by co-precipitation with sodium dodecylsulfate together with
Na2–EDTA.
As explained in the before mentioned mechanism, the LDH
expands in its fastest growing directions, which are perpendicular
to the c-axis. However, growth in the c-direction is also observed
(Fig. 4a). Growth in the c-direction would be initiated by prefer-
ential deposition of growthunits on topof the previous LDH layer at
the re-entrant corner with the MgO sphere (Fig. 10a, point c). So
after 2D nucleation, the next layerwill grow laterally over the layer
underneath as observed in Fig. 4a. The smallest growth step as
measured by AFM has approximately the thickness of two octahe-
dral layerswith an interlayer in between.Higher growth stepswere
also found.
At the lower Mg/Al ratio, there is apparently not enough
magnesium available to complete the growth into a platelet, so
donut and sickle shapes are found along with residual aluminum
hydroxide. The sickle shape might be formed when more than one
nucleation events take place on a single MgO sphere as shown in
Fig. 4b. In such a case, the MgO dissolves completely before it
becomes surrounded by the laterally growing LDH crystal, and an
incomplete donut or a sickle is formed.4. Conclusions
The morphology of the hydrothermally synthesized LDH crys-
tals under microwave heating is largely inﬂuenced by the magne-
sium/aluminum molar ratio of the reactants. Unique donut-like
crystals were formed at Mg/Al ratios of two and lower. The
intensity of the microwave power, however, has a less signiﬁcant
effect, since the donut-like crystals were found in all cases.
Apparently, the rapid and uniform heating provided bymicrowave
created a high supersaturation for nucleation of LDH, which leads
to the unique crystal morphology. A growth mechanism of
the donut-like crystal was proposed based on the SEM, AFM and
STEM–EDX observations of the crystallites obtained at various
Mg/Al ratios. First, the LDH crystal nucleates on an amorphous
surface of MgO sphere because this reactant has a lower solubility
during the synthesis pH 11 compared to ATH. This nucleus
provides re-entrant corners at two opposite sides, which arepreferential sites for the addition of new growth units. As a result
of the enhanced growth in these directions, perpendicular to the
c-axis of the LDH, the planar crystal expands and encircles theMgO
sphere. During the growth of the LDH crystal, the MgO sphere
dissolves at the opposite side. The dissolving MgO provides the
supersaturation needed for growth and once depleted, the donut-
like structure remains.Acknowledgement
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